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By E. Anagnostou, R. S. Brokaw, and J. N. Butler 

SUMMARY 

Ignition delays for mixtures of ethane, n-butane, isobutane, hydro- 
gen, or propane with oxygen and nitrogen were-measured using a flow 
system with two experimental procedures. Delays were measured in the 
temperature ranges 571' to 733O C for ethane, 444' to 715' C for n-butane, 
564O to 713' C for isobutane, 594' to 652' C for hydrogen, and 54s" to 
681' C for propane. The effect of fuel concentration was measured for all 
fuels, and delays were inversely proportional to fuel concentration to the 
0.6 to 1.7 power. The effect of oxygen concentration was measured for 
propane and the butanes, and, in general, delays decreased slightly with 
increasing oxygen concentration. However, at very low temperatures, for 
n-butane, the dependence on owgen concentration increased. The two pro- 
cedures gave different absolute values for the delays, but the trends 
were the same by either method. Fram the variation of delay with temper- 
ature at constsnt fuel and oxygen concentration, apparent activation 
energies were calculated. 

INTRODUCTION 

Spontaneous ignition temperature and spontaneous ignition delay have 
been of interest for msny years, although results of different researchers 
are not usually comparable because of varying experimental conditions. In 
spontaneous ignition delay measurements, different techniques have given 
widely different results on the effect of a single variable. For example, 
in the work of references 1 and 2, increasing the fuel concentration did 
not affect the ignition delay, whereas reference 3 reported it resulted in 
shorter delays. To help elucidate the fuel concentration effect and to 
learn something about the ignition reactions taking place, work was begun 
at the NACA Lewis laboratory to measure some of these effects. 

The system used was that of reference 4 in which preheated fuel 
and air were mixed quickly and then allowed to flow through a tube . kept at constant temperature. This flow system was chosen since it 
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allowed the control of temperature and composition-fram.the time the mix- 
ture was prepared until it i&ted. Fuel was either bypassed continuously I 
around the tube between runs while air flowed through the tube or the fuel 
and air were mixed and then bypassed for a short while before each run. 
In each case, fuel and air were preheated separately. Also, both tech- 
niques provided an air-mixture interface which contained-all mixtures 
leaner than the one being studied. However, previous work (ref. 4) using 
nitrogen as the gas leading the fuel-air mixture into the tube showed 
that the delays measured with the air lead were really characteristic of 
the mixture and not .of the interface. 8 - 

0" 

This system, using only the procedure of bypassing fuel continuously 
between runs, was used to obtain the data on propane reported in refer- 
ence 5. In that study ignition delay varied inversely with the propane 
concentration to some power n, where n ranged from 0.74 to 1.00, and 
with approximately the l/4- power of the oxygen conc.entration. Also, de- 
lays decreased with increasing temperature and pressure. These results 
were explained at 1eastquaUtatively by either slow reaction kinetics, 
which correctly described the fuel concentration effect, or by a surface 
reaction which described the fuel and oxygen effect. 

The present work has extended the research to-include other hydro- 
carbon fuels and hydrogen. It also includes further study of propane us- 
ing a modified technique (fuel-air bypassing) by which it was hoped the 
effect of fuel cracking on the ignition delay could be determined. The 
hydrocarbons tested were ethane, isobutane, and n-butane; delays are re- 
ported in the temperature ranges 571' to 733' C for ethane, 444' to 7l5' 
C for n-butane, 564' to 713' C for isobutane, and 594' to 652' C for hy- 
drogen. In addition, the ignition delays for propane measured with the 
modified technique and those remeasured using the original technique (fuel 
bypassing) are reported in the temperature range 540' to 681° C. The ef- 
fect of oxygen concentration and temperature on the delays for the butanes 
and propane were also measured. No attempt is made to interpret these re- 
sults using kinetics, although the discussion of reference 5 on this point 
could be applied. .- _ 

APPARATusANDPRoCEDuRE 

The apparatus used in this research was essentially the s&me as the 
one of reference &mentioned previously and is shown in figure 1. Several 
slight modifications were made in order to use the method of bypassing the 
fuel and air together. 

The ignition tube was a J-foot-long, 50-millimeter-diameter Vycor m 
tube surrounded by a metal jacket. The tube was heated mainly by air 
supplied from a 25-kilowatt heater. This air flowed through another sur- 
rounding insulated jacket. Temperature gradients in the tube, measured c 
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axially by a movable thermocouple, were eliminated by six independently 
controlled heaters. The fuel and air were sepsrately metered through 
critical flow orifices, preheated, and then mixed in a heated tangential 
jet mixer which had a volume of approximately 1 cubic centimeter. The 
residence time in the mixer ranged fram 0.04 to 2 percent of the ignition 
delay. 

In the original apparatus, there was a line for leading nitrogen in- 
stead of air. Since no more work with nitrogen was contemplated, this 
line (approx. 5/32" I.D.) was converted into an exhaust line for bypassing 
the fuel and air mixture. This is the line marked "Lower exhaust" in fig- 
ure 2. A two-way solenoid valve (S) replaced the three-way one previously 
on this line and the electrical circuit was arranged so that when S and 
the fuel solenoid valve (F) were open, the fuel-air mixture would be ex- 
hausted without going through the ignition tube (fig. 2(a)). When S 
was closed, the fuel-air mixture would be diverted to the tube and the 
timer would start. Since the flow out of the bottom of the tube caused 
a pressure drop in the ignition tube, a check-valve (fig. 1) was connected 
to the top of this tube to keep the pressure inside atmospheric. A heater 
was also added at the check valve so that the ince air would not cool 
the tube excessively. The tube temperatures recorded were those just 
prior to the run. 

The delay was determined as the time between the introduction of the 
fuel into the mixer (or the closing of the fuel-air-bypass valve) and the 
appearance of a pressure pulse indicated by the strain-gauge pressure 
pickup (fig. 1) located at the downstream end of the tube. 

l 

Fuel-by-pass runs proceeded in the following way: air was allowed to 
flow through the tube between runs while the fuel flow was bypassed as 
shown in figure 2(c). The fuel solenoid valve was then energized divert- 
ing the fuel into the tube, as in figure 2(b), and the timer started. 
The fuel valve was shut off after the appearance of the pressure pulse. 

For the fuel-air-bypass method, air was allowed to flow through the 
ignition tube until a few seconds before each run when the lower exhaust 
and fuel valve were opened. Flow was allowed to proceed until the tern- 
peratures of the tube and mixer had steadied at which time the exhaust 
valve was closed and the mixture diverted through the tube. Delay was 
measured as before. Four or five runs were made for each point and the 
average taken as the ignition delay. Later fuel-air-bypass data were 
taken with the lower exhaust line approximately doubled in diameter (to 
19/64" I.D.), since it was felt that perhaps the smaller line was not pro- 
viding sufficient exhaust to pull all the mixture away from the ignition 
tube. 

As in the previous work, ignition delay was first determined as a 
function of flow rate in order to determine the flow rate which gave the 
minimum delay. Then, in most cases, delays measured subsequently were 
at or near this flow. 
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RESULTS 

The results for.various fuels are-presented separately first and 
then compared. Fuel-bypass arid fuel-air-bypass data are also discussed 
separately and compared in the cases where both methods were used. 

Propane 

Effect of flow rate. - Using the fuel-bypass method, ignition delay 
varied with flow rate as shown in figure 3(a). Mean residence time, cal- 
culated as the ratio of tube volume (30" length) to volumetric flow rate, 
is also included on this plot and all subsequent flow-rate plots. (The 
30" length was chosen because this was the highest point at which the tem- 
perature was measured..) As a caparison, the data of reference 4 at about 
the seme temperature-have been included. As can be seen, the shapes of 
the curves are similar, although the absolute values are not the same, 
The minimums of the curves occur at higher flows tith increasing propane 
concentration. 

Figure 3(b) shows the results using the fuel-air-bypass system with 
a small lower exhaust line. As is evident, these curves have no minimums 
in the range investigated; in fact, some of them are concave.downward. 
This latter result was believed due to premature ignition of the mixture. 
To try to correct this, a larger exhaust line was substituted, and the 
results are shown in figure 3(c). The curve was straightened but ignition 
delay was increased considerably. The idea that a minimum probably does 
exist at a much higher flow rate is supported by figure 3(d) which shows 

* the flow-rate effect at two temperatures. The low-temperature fuel-air- 
bypass curve does show a minimum. Unfortunately, the system did not give 
flows greater than approximately 30 liters per minute, and even at this 
flow rate no leveling off occurred at the higher temperature. The fact 
that the low-temperature curves cross the residence-time line results from 
the method used in calculating this residence time. The calculation as- 
sumes constant velocity across the tube, which is not the case, since the 
fuel-air mixture close to the wall remains in-the tube a greater the. 

Since the minimums, when they occurred, were at flows of about 8 to 
12 liters per minute, all delays were measured at a flow rate of 10 liters 
per minute. However, it must be remembered that with the fuel-air-bypass 
system these are not-the shortest delays observed. 

Effect of fuel concentration. - A plot of ignition-delay T against 
propane concentration using the fuel-bypass system is shown in figure 
4(a) for various temperatures. The slopes of the l&ear portions vary 
from -0.71 to -0.94 tith no apparent trend, a result similar to those of 
reference 5. At higher propane concentration, delays depend less on the 
fuel concentration. At the very low temperature and low concentration, 
the dependence on fuel concentration is greater. 
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For the fuel-air-bypass system, figure 4(b) shows that the dependence 
of T on propane concentration is very similar to that of figure 4(a) and 
that the absolute values are about the ssme. However, the similarity in 
absolute values results from the fact that the flow-rate curves for the 
systems cross at or near 10 liters per minute. The slopes vary frcxa 
-0.68 to -0.93 again with no apparent trend. Here, however, the depend- 
ence of T at higher propane concentration does not fall off as rapidly 
as in the previous case. 

A final comparison of fuel concentration data is shown in figure 
4(c). Plotted here are fuel-bypass and fuel-air-bypass data, using both 
a large and small lower exhaust, and data of reference 5. As canbe seen, 
the delays vary at most by a factor of approxFrnately 1.7. The slopes 
vary from -0.74 to -1.05, values which lie in the range of slopes ob- 
served previously. Here again, large and small lower exhaust lines give 
differing results for the fuel-air-bypass system, but the surprising re- 
sult obtained is that the size of the lower exhaust also affected the 

' fuel-bypass data. The trends observed, however, remain the same regard- 
less of the procedure used. These csn be expressed in an equation of the 

l/T = Constant 

where cf is fuel concentration and n 
the plots. 

(qn Cl> 

is the negative of the slopes of 

Effect of oxygen concentration. - In figure 5 the ignition delay is 
plotted against oxygen concentration for various concentrations of pro- 
pane using both the fuel-bypass and fuel-air-bypass methods. The oxygen- 
nitrogen mixtures used were 9.8, 20.9 (air), 29.5, and 49.9 percent oxy- 
gen. In most cases the dependence of log 'I; on log concentration is 
linear, but with higher propane and lower oxygen percentages, the depend- 
ence on oxygen concentration CO 2 is much greater. The data can be 

represented by an equation of the form 

1 - = Constant z 

where k ranges from 1.5 to 4.5 and 

cO2 
(1 + kCo2)2 

(2) 

concentrations are in mole fractions. 

n-Butane 

All data for g-butane were obtained using the fuel-bypass method. 
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Effect of fuel concentration. - Figure 6 shows the variation of ig- 
nition delay with n-butane concentration at various temperatures. The 
slopes are generally steeper than those for propane3 ranging from -0.97 

- 

to -1.7 with larger slopes at lower t&nj?eratures. -Unfortunately, although 
a flow-rate effect was found for fl-butane, the results are not strictly 
comparable because all the data of the graph are not at the flow rate giv- 

8 

ing minimum delay or at the same flow rate. However, the trends are the 
t3 

same and give the same relation as the propane data (eq. (1)). 

Effect--of oxygen concentration. - Figure 7 shows the effect of oxygen 
concentration on ignition delay for various n-butane concentrations at 
two temperatures. The oxygen-nitrogen mixtures used were 9.5, 20.9, and 
39.5 percent oxygen. At the lower temperature (445' C), the dependence 
is large, with the slopes varying from -1.0 to -1.4. As the temperature 
increases to 612' C, however, the dependence decreases, and the slopes 
range from -0.25 to -0.65, the absolute value increasing with increasing 
n-butane concentration. This can be expressed by the equation 

l/T = Constant (C!~Z)~ 

where m depends on fuel concentration and temperature. The high- 
temperature data can also be represented by equation (2), but it does not 
apply at the lower temperature. 

Isobutane 

All data on isobutane were obtained-using the fuel-bypass method. 
No flow-rate data are available for this compound, thus the effect of 
flow rate on ignition delay cannot be shown. 

Effect of fuel concentration. - Figure 8 shows the variation of 
ignition delay with isobutane concentration. Again delay decreased with 
increasing fuel concentration. Comparison with figure 6 shows the effect 
of branched chain structure on delay, which is in general longer for 
isobutane than for n-butane. Also the slopes of figure 8 vary from 
-0.73 to -0.93 (incTeasing with temperature), values which are consid- 
erably lower than those for n-butane. The relation between 't and fuel 
concentration can be represented by equation (1). 

Effect of oxygen concentration. - Figure 9 shows ignition delay as a 
function of oxygen concentration for various isobutane concentrations. 
The oxygen-nitrogen mixtures contained 9.5, 20.9, and 50.0 percent oxygen. 
The dependence is much stronger at.low oxygen concentrations and increases 
slightly at higher isobutane concentration. The dependence fits equation 
(2), where k is approximately 2. 
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Ethane 

Effect of flow rate. - Using the fuel-bypass method, it was found 
that for ethane ignition delay varied with flow rate as it did for pro- 
pane (fig. lO(aj). U I s ng the fuel-air bypass system, the results again 
were similar to the same case for propane, and these are shown in figure 
10(b) at two temperatures along with data for the fuel-bypass method. 
The low-tqerature fuel-air-bmss curve shows a minimum, while the 
higher temperature curve does not; again it is believed that a minimum 
occurs at a much higher flow. Since the minimums (of those curves 
having them) occurred at 6 to 10 ILters per minute, all further data 
discussed were run at 10 ILters per minute. 

Effect of fuel concentration. - Plgure ll(a) shows the effect of 
ethane concentration on ignition delay at five temperatures. These data 
were all obtained using the fuel-bypass method. The effect is one of de- 
creasing delay with increasing concentration. The slopes of the lines 
vary from -0.90 to -1.25, the dependence of delay on concentration being 
stronger than that observed for the corresponding propane data. Equation 
(1) describes the results. 

The results using the different procedures are shown in figure IL(b). 
The size of the lower exhaust not only affects the fuel-air-bypass data 
but also the fuel-bypass work. However, it is again stressed that the 
trend, that is, decrease of delay with increasing fuel concentration, did 
not appear to be affected by the apparatus. 

Effect of flow rate. - Figure 12 shows the effect of flow rate on 
ignition delays for hydrogen at two temperatures using the small exhaust 
with both fuel-bypass and fuel-air-bmss methods. The behavior for hy- 
drogen is similar to that observed for propane and ethane in that at the 
lower temperature both curves show a level&g off. Also, at the higher 
temperature the fuel-bypass data do level off, but the fuel-air-bypass 
data do not. The minimums occur at higher flow rates than those for the 
hydrocarbons. 

. 

Effect of fuel concentration. - The effect of fuel concentration on 
ignition delay is shown in figure 13(a) and again delay decreases with 
increasing fuel concentration. Both fuel-bypass end fuel-air-bypass data 
for the small exhaust are plotted. The dependence is stronger at the 
higher temperature, with the slopes of the Unes varying from -0.69 to 
-1.3. Therefore, equation (1) applies and n is apparently temperature 
dependent. 
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Figure 13(b) shows the variation in the delays measured by the dif- 
ferent procedures. For hydrogen, the fuel-bypass results with the large 
and small lower exhaust both fall on about the same line as would be ex- 
pected (this was not observed with the hydrocarbons). With the fuel-air- 
bypass data, however, the size of the lower exhaust had a large effectin 
the delays, increasing them by a factor of 2. 

DIK!KSICN 

Comparison Among Fuels 

Hgure 14 shows the variation of ignition delay with temperature 
for all the fuels studied using-the fuel-bypass system. Figure 14(a) 
compares the fuels at a constant concentration (LO-percent) which is 
rich for all fuels except hydrogen. Figure 14(b) compares them at 
stoichiometric concentration. (The data for this figure were usually ex- 
trapolated from the curves of 7 against fuel concentration except for 
hydrogen.) No dependence on oxygen concentration was taken into account, 
since the data were not available for all ccrmpounds. 

Figure 14(a) shows that delays at-the lower temperatures vary in- 
versely with the oxidizability (the ease with which the fuel combines with 
oxygen at low temperatures), which increases as the normal paraffin series 
is ascended and is less for a branched chain than for the corresponding 
straight-chain compound (ref. 6). The delays also are in proper order 
with the lowest measured spontaneous ignition temperatures tabulated in 
reference 7. At the higher temperatures all of the fuels tend to group 
together. The apparent activation energies which can be- obtained from 
the slopes of the linear portions of the curves are: 

I 
Fuel Apparent 

activation 
energy, 

kcal - 
Ethane 25 
Propane 19 
Isobutane 21 
n-Butane 15 
&drogen 26 

These values for the hydrocarbons are lower than those obtained from 
burning-velocity measurements. 

In figure 14(b) the order of the delays is changed with propane giv- 
ing the shortest delays (for the ,hydrocarbons) at the lower temperatures. 
Hydrogen, however, falls considerably below the others when compared at 
the s&me equivalence ratio. 
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The apparent activation energies calculated from these curves are: 

Fuel Jm=-ent 
activation 
energy, 

kcal 

Ethane 27 
Propane 16 
Isobutane 14 
n-Butane 18 
Zydrogen 40 

The values are low for the hydrocarbons, and the hydrogen value is high. 

Effect of merimental Procedure on Absolute Values of Ignition Delay 

In the introduction mention is made of the possibility of fuel crack- 
ing and its effect on the results. This effect was first considered when 
it was noticed that at the higher temperatures the delays measured for 
the hydrocarbons grouped together. It was thought that perhaps all the 
hydrocarbons were cracking to about the same products and the differences 
which might be present were being obscured. In the fuel-bypass system 
there was a section of the fuel line (fig. 2(c)) between the bypass point 
and the mixer which contained stagnant fuel at temperatures greater than 
1000°F. Rough calculations showed that the fuel cracking could be ser- 
ious in the time (approximately lminute) which was allowed between runs, 
so the fuel-air-bypass system was tried. Since the fuel-air mixture would 
be fresh each time, it was hoped that these results would be more 
meaningful. 

. 

Later, as a check on the system, hydrogen was run, and this fuel 
should have given the same results using either system. Unfortunately, 
it did not, as is evident from figure 13. For this reason, no conclu- 
sions could be drawn about the effect of fuel cracking on the delays. 
Why the hydrogen delays are not the same using the different procedures 
is not known, but speculation has led to the belief that perhaps the 
flow pattern affected the results. Although the tube had screens in the 
diffuser section to take out the swirl in the flow, these screens burned. 
out rather rapidly. They were only replaced when the system had a major 
repair, and since it was not known when they were gone, the type of flow 
present in the ignition tube was unknown. Unfortunately the present 
system would be difficult to modify in order to determine the type of 
flow or the flow pattern. 

The difference in the type of flow-rate data obtained for the two 
systems is also hard to explain. It is unfortunate that this system 
could not go to higher flows where a minimum might have been detected. 
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Although the experimental technique affected results, the same type 
of basic relation among ignition delay, concentration, and temperature 
holds regardless of the particular method used. Delays are inversely 
proportional to the fuel concentratibn and the temperature, and are af- 
fected by oxygen concentration to some degree depending -on the fuel. 
As would be expected, they depend more strongly on the oxygen concentra- 
tion when this is low. Although these absolute values may only be true 
for this particular system, the trends observed are believed to be real. 

The results presented here seem to indicate that more research is 
necessary in this field. The comparison in figure 17 of reference 8 of 
the ignition delays for hydrogen from several sources shows wide dis- 
crepancies which need clearing up. The reader is referred to the dis- 
cussion on this point in reference 8. 

S-Y OF RESULTS 

An investigation of ignition delays for hydrocarbon and hydrogen 
mixtures with nitrogen and oxygen showed that absolute values ofignition 
delay depended on the experimental procedure used but that the trends 
were the same by either method. Increasing fuel concentration, oxygen 
concentration, and temperature all decreased the delay as follows: 

- 
- 

1. Delays were inversely proportional to the fuel concentration to 
a power which depends on the fuel and sometimes on-the temperature. 
These exponents ranged in value from 0.6 to 1.7. 

2. Delays decreased to a lesser extent with increasing oxygen con- 
centration, for propane and the butanes, the dependence being greater at 
lower oxygen, higher fuel concentrations. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, September 4, 1956 -- 
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Figure 1. - Schematic diagram of spontaneous ignition delay apparatus. 
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(a) Fuel-air bmss before run. I '(b) Both procedures &urin8 run. 

I 

I 

I 

(c) Fuel bypass before run. 
pzz2q 

+igure 2. - Diagrm of flow system before and during runs using two proceduree. 
F, three-way fuel solenoidValVe; 8, two-way lower exhaust s01emoia valve. 



14 NACA TN 388-j' 

- 
- 
- 
- 
- 

- 

- 

- 

- 

- 
- 
- 
- 
- 

- 

- 

- 

- 

I I 
I I 

Temperature, 
OC 

632 Ref. 4 
-- 624 Present In- - 

on 

1. Eropane ckcent-ration, 
ercent by volume 

1 
J 

w40t 
.zl I I I 

1 2 4 3 6 8 61 
Total flow rate, liters/min 

(a) Using fuel bypass. 

Figure 3. - Variation of ignition delay with flcg rate for propane. 
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(b) Using fuel-air bypass with small exhaust. Temperature, 6230 C. 

Figure 3. - continuea.. Variation of ignition delay with flow rate 
for propane. 
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(c) Using fuel-air bypass with large and small exhaust lines. Propane con- 
centration, 20 percent by volume. -. 

Figure 3. - Continued. Variation of ignition delay with flow rate for propane. 
. 
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(d) Using fuel-air bypass and f'uel bypass. Propane 
concentration, 10 percent by volume. 

Figure 3. - Concluded. Variation of ignition delay with flow 
rate for propane. 
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(a) Using fuel bypass. 

Figure 4. - Variation of ignition delay with propane concentration. 
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(b) Using fuel-air bypass with small exhaust. 

Figure 4. - Continued. 
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Variation ot ignition delay with propane 
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th small exhaus 

1 2 4 6 8 10 20 40 60 
Propane concentration, percent by volume 

(c) Using fuel-air bypass and fuel bypass with large snd small exhaust lines. 
Temperature, 623' C. 

Figure 4. - Concluded. Variation of ignition delay ktth propane concentration. 
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Open symbols Fuel bypass 

Propane &on&n- 
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Figure 5. - Variation of ignition delay with oxygen con- 
centration for propane. Temperature, 624O C. 
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Figure 6. - Variation of lgnltion delay with G-butane concentration at- various temperaturerr. Fuel-bypass method. 
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Figure 7. - Comparison of dependence of igdtion Slay on oxygen concentration for ;-butane at 
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Figure 8. - Variation of Ignition delay with leobutane concentration at- 
various temperatures. Fuel-bypass method. 
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Figure 9. - Variation of ignition delay with oxygen 
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Figure 10. - Variation of ignition delay with flow rate 
for ethane. 
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Figure 10. - Concluded. Variation of ignition delay 
with flow rate for ethane. 
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Figure 11. 2 Variation of Ignition delay with ethane concentration. 
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Figure 11. - Concluded. Variation of ignition delay 
with ethane concentration. 
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Figure 13. - Variation of ignitLon delay with hydrogen 
concentration. 
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Figure 13. - Concluded. Variation of ignition delay 
with hydrogen concentration. 
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